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A review is given of the measurements of triple and quartic couplings among the electroweak gauge bosons 
performed at LEP by the four experiments ALEPH, DELPHI, L3 and OPAL. Emphasis is placed on recently 
published results and on combinations of results performed by the LEP electroweak gauge-couplings group. All 
measurements presented are consistent with the Standard Model expectations. 



1. INTRODUCTION 

Self couplings among electroweak gauge bosons 
are a consequence of the non-Abelian structure 
of the Standard Model (SM) of electroweak in- 
teractions pQ. The measurement of triple (TGC) 
and quartic couplings (QGC) has been one of the 
main activities of the LEP experiments (ALEPH, 
DELPHI, L3 and OPAL) after the e+e" centre- 
of-mass energy (t/s) was raised above the thresh- 
old for the production of two W bosons (LEP2 
phase). Experiments have performed both preci- 
sion measurements of couplings as predicted by 
the theory and searches for anomalous couplings 
which could be present as a consequence of new 
physics. The theoretical input is normally ex- 
pressed in the form of an effective Lagrangian 
containing all operators of a given order which 
contribute to the set of vertices under study and 
which are consistent with basic physical assump- 
tions such as Lorentz and electromagnetic gauge 
invariance. The extraction of couplings is then 
performed either by fitting distributions of a cho- 
sen set of sensitive variables or by means of opti- 
mal observables techniques J2J, in which the sen- 
sitivity to the couplings is concentrated in a re- 
duced number of properly defined variables. 

All results reported in this paper are based 
on data collected at LEP during 1996-2000 at 
161 GeV < y/s < 209 GeV, corresponding to total 
integrated luminosities up to about 700 pb -1 per 
experiment. For many channels and couplings, 
LEP combined results exist. The latest combi- 
nations are summarized in |3j where reference is 



given to the individual publications. More recent 
results are not yet combined and will therefore 
be referenced directly in the following. The indi- 
vidual references should be consulted for details 
about experimental techniques and composition 
of data sets. 

This document is organized as follows: Sec- 
tion |21 deals with charged triple couplings, i.e. 
couplings between the W and neutral bosons 
(WWZ and WWy vertices), Section describes 
searches for purely neutral TGCs, not foreseen in 
the SM, and finally Section 0] reports limits on 
QGCs. 

2. CHARGED TRIPLE GAUGE COU- 
PLINGS 

The WWZ and WW7 vertices can be probed 
at LEP2 in WW, single W and single 7 produc- 
tion. To lowest order, three Feynman graphs con- 
tribute to WW production: the s-channel Z and 7 
production and the t-channel neutrino exchange. 
The two s-channel diagrams contain the WWZ 
and WW7 vertices. WW7 is also involved in the 
single W process (e + e~ — ► Wev) via W-7 fusion 
and in single 7 production (e + c~ — * 2/ e z/ e 7), via 
W-boson fusion. The most general parametriza- 
tion of the WWZ and WW7 vertices can be writ- 
ten as a function of seven complex TGCs for 
each vertex 0]. Some assumptions are normally 
made in order to reduce the number of param- 
eters to be measured. Imposing the conserva- 
tion of C and P symmetry and electromagnetic 
gauge invariance reduces the number of free pa- 
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rameters to five, usually chosen to be gf, 
Xj, Kz and Az- At tree level within the SM, 
g\ = k 7 = Kz = 1 and A 7 = Az = 1 • A further re- 
duction is normally achieved by the requirement 
of custodial SU(2) gauge invariance, which trans- 
lates to the constraints kz = gf — tan 2 9w{^ — 1) 
and Az = A 7 [5I6| . where 9w is the weak mixing 
angle, gf, k 7 and A 7 are normally chosen as the 
minimal set of parameters to be measured and 
are the ones used in the LEP-wide combinations. 

The WW channel gives the best sensitivity 
at LEP in the measurement of charged TGCs. 
Anomalous couplings would affect the total pro- 
duction cross section, the production angle and 
the polarization of the W bosons. A WW event, 
yielding two fermions and two anti-fermions in 
the final state, is completely described in terms 
of five angles: the W production angle and the 
polar and azimuthal angles of the fermion in the 
W~ rest frame and of the anti-fermion in the W + 
rest frame. The distributions of these angles, or 
other quantities derived from them, are used by 
the LEP experiments to derive measurements of 
TGCs. As an example, the distribution of the co- 
sine of the W~ production angle in fully hadronic 
WW events collected by L3 [7] is shown in Fig- 
ure n where the effect of anomalous values of gf 
is also plotted. 

The single W channel gives a sensitivity com- 
parable to that obtained with WW events only 
on k 7 ; on the other hand it gives the possibil- 
ity to disentangle the effects of the WWZ and 
WW7 vertices, which are correlated in measure- 
ments based on the WW channel. In this process, 
the electron is produced at very low polar angle 
and is therefore not detected, leaving a signature 
of only one W boson in the detector. LEP experi- 
ments use different kinematic variables to extract 
the couplings from the single W channel. As an 
example the transverse momentum of the elec- 
trons and muons in lcptonically decaying Ws as 
measured by ALEPH arc shown in Figure [3 The 
energy spectrum and the angular distribution of 
the photon produced in single 7 processes are sen- 
sitive to the WW7 vertex, even though less than 
the WW and single W channels. 

Measurements of charged TGCs by the four 
LEP experiments are summarized in Tabled to- 
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Figure 1. Distribution of the W - production an- 
gle in hadronic W-pair events collected by the L3 
detector. Data are shown together with the ex- 
pectations for the SM and for anomalous values 
oigf. 



gether with their combination [Hj. All results are 
obtained by varying one parameter while setting 
the others to their SM value. The constraints 
kz = 5i — tan 2 #vy( K 7 — 1) and Az = A 7 are im- 
posed. The LEP combined results of fits to two 
of the three TGCs are shown in Figure [3J All 
measurements are consistent with the SM expec- 
tations. 

3. NEUTRAL TRIPLE GAUGE COU- 
PLINGS 

Triple couplings among neutral electroweak 
gauge bosons are not present in the SM at tree 
level, and get contributions of the order of 10 -4 
from loop diagrams. Such couplings could be en- 
hanced by new physics effects [8] and it is there- 
fore important to set limits on their strength. The 
77Z, 7ZZ and ZZZ vertices can give as on-shell 
final state bosons either Z7 or ZZ. Two indepen- 
dent parametrizations describe the two cases: the 
eight hj couplings (i = 1, . . . , 4) for the Z7 final 
state and the four couplings (i = 4, 5) for the 
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Table 1 

Results of the measurements of charged TGCs by the LEP experiments and their combinations. Statistical 
and systematic uncertainties are included. 

parameter ALEPH DELPHI L3 OPAL LEP 

5? 1.026ig:°i* 1.002±S;g» oM^* 0.985±g : gS 0.991±8:~? 

1.022lH?| 0.9551°;^ 0.922±g : gS 0.929±g : 8£ 0.984l°;°f 7 

A 7 0.012+8:°" 0.014±g;8S -0.058±g;S£ -0.063±g : gg -0.016™ 




100 

Pt [GeV] 



Figure 2. Distributions of the transverse momen- 
tum of electrons (left) and muons (right) in single 
W events collected by ALEPH. 



ZZ final state |4l8j . where in both sets V stands 
for the s-channel exchanged off-shell boson, which 
can be a Z or a 7. 

The Z7 final state is produced at LEP by events 
in which the photon is radiated off the incoming 
electron or positron. The presence of anomalous 
couplings would increase the total cross section 
and enhance the photon production at large polar 
angles. By fitting distributions of kinematic vari- 
ables such as the photon energy, polar angle and 
recoil mass, experiments are able to set limits on 
the hj couplings. The LEP combined results [Hj 
from fits where each parameter is measured sep- 
arately while setting all others to zero, are sum- 
marized in Table|2las 95% confidence level (C.L.) 
limits. Final updated results have been published 
by L3 0, which are not taken into account in this 
combination. 

The ZZ final state is accessible at LEP2 via t- 
channel electron exchange. An s-channel 7*/Z* 
would yield the same final state if neutral f^ 5 
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Figure 3. The 68% C.L. and 95% C.L. contours 
for two-parameter fits of charged TGCs (LEP 
combination). In each case, the third param- 
eter is set to its SM value and the constraints 
K z — <?i — tan 2 9w{n^i — 1) and Az 
posed. 



A 7 are im- 



TGCs were present. These anomalous couplings 
would increase the total cross section and mod- 
ify the event kinematics. ZZ production has been 
studied at LEP in all of its visible topologies, and 
no deviations from the SM predictions have been 
observed. The measured ZZ production cross sec- 
tion as a function of y/s is plotted in Figure 0] 
where the effect of non-zero anomalous couplings 
is also shown. Combined LEP results on the f± 5 
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Table 2 

Results of the combination of the measurements 
of neutral TGCs by the LEP experiments. Statis- 
tical and systematic uncertainties are included. 



parameter 


95% C.L. 


hi 


[-0.056, +0.055 


hi 


[-0.045, +0.025 


hi 


[-0.049,-0.008 


K 


[-0.002, +0.034 


h\ 


[-0.13 ,+0.13 


h\ 


[-0.078, +0.071 


hi 


[-0.20 ,+0.07 


h\ 


[-0.05 ,+0.12 


n 


[-0.17 ,+0.19 


n 


[-0.30 ,+0.30 


fi 


[-0.32 ,+0.36 


fi 


[-0.34 ,+0.38 



couplings are summarized in Table El in the form 
of 95% C.L. intervals. 

4. QUARTIC GAUGE COUPLINGS 

Quartic couplings are present in the SM La- 
grangian, but their size is expected to be too small 
to be measurable at LEP. The LEP experiments 
have therefore performed measurements to set 
limits on the existence of anomalous QGCs, both 
of the type predicted by the electroweak theory 
and of more general form, which might be induced 
by new physics. The parametrization used |10| 
only considers quartic terms in the Lagrangian 
which are not associated with TGCs, since the 
other terms are more strongly constrained by 
the measurements discussed in Section and 
Given the kinematic limit of LEP (maximum of 
two on-shell heavy bosons produced), the follow- 
ing vertices can be tested: WW77, parametrized 
by and a™, WWZ7, parametrized by a n , and 
ZZ77 parametrized by Oq and a£- Only the first 
two vertices are present in the SM. Due to the di- 
mension of Lagrangian operators containing four 
gauge bosons, quartic couplings have dimensions 
of the inverse of a squared energy and are there- 
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Figure 4. The LEP combined e + e~ — > ZZ cross 
section. SM prediction and data points are shown 
together with curves corresponding to anomalous 
values of the fj 5 couplings. 



fore normally written as proportional to 1/A 2 , 
where A is the typical energy scale of the new 
physics responsible for the QGCs. 

At LEP, three topologies can give information 
about QGCs. The first one is e+e" -> WW7, 
which is sensitive to the couplings off , and a n . 
Events with this topology are produced via radia- 
tive W-pair production, where a photon is radi- 
ated from one of the initial or final state fermions 
or from one of the W bosons. Anomalous cou- 
plings would increase the cross section and mod- 
ify the photon energy spectrum, as can be seen 
in Figure |5j where DELPHI data is shown 
together with Monte Carlo expectations for SM 
and for some non-zero values of the coupling . 

The second channel sensitive to QGCs is 
e + e~ — > j/^77. This final state can be produced 
both through W fusion into a WW77 vertex and 
via s-channel Z production, a ZZ77 vertex and 
subsequent decay of the Z into a neutrino pair. 
The same signature of two acoplanar photons is 
used in separate fits to determine the W and Z 
couplings, each time varying only one parame- 
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Figure 6. Recoil mass (left) and energy of the 
second highest energetic photon (right) for vi>"/j 
events collected by OPAL. Data and SM expec- 
tations are shown, together with predictions for 
non-zero values of o,q and off . 



Figure 5. Photon energy spectrum in the e + e~ — > 
WW7 channel as measured by DELPHI. The 
three data sets correspond to yfs = 189 GeV 
(top), y/s = 198 GeV (middle) and y/s = 206 GeV 
(bottom). Data (dots) are compared to SM ex- 
pectation (shaded histograms) and to the corre- 
sponding distributions for positive (left) and neg- 
ative (right) values of (in GeV -2 ). 



ter while setting all others to zero. Kinematic 
variables normally used in the fit are the recoil 
mass and the energy of the second highest ener- 
getic photon. In Figure El distributions of these 
variables as measured by OPAL [T2J are plot- 
ted together with expectations for SM and for 
anomalous values of the parameters ag and off . 
The ALEPH collaboration has also recently pub- 
lished PHI limits on QGCs extracted from this 
channel. 

The e + e~ — > Z77 — > qqy7 channel is also used 
at LEP to set limits on the Oq and parameters. 
The corresponding SM background is the double 
radiative return to the Z. Quartic couplings of the 
ZZ77 type would enhance the total cross section 
at high y/s and modify the photons spectra. Fig- 
ure[7|shows the L3 measurement of the Z77 cross 



section as a function of centre-of-mass energy and 
the predicted behaviour in case of anomalous cou- 
plings. 

The results of the combination of the ALEPH, 
L3 and OPAL measurements of the ZZ77 
couplings are -0.029 GeV~ 2 < a^/A 2 < 
+0.039 GeV~ 2 and -0.008 GeV" 2 < ag/A 2 < 
+0.021 GeV~ 2 at 95% C.L., including statisti- 
cal and systematic uncertainties. For the WW77 
and WWZ7 couplings, no recent LEP combined 
results exist. The results of the single LEP ex- 
periments are reported in Table [3] 

5. CONCLUSION 

Results of the measurements of triple and quar- 
tic gauge boson couplings by the four LEP exper- 
iments are reviewed in this paper, together with 
their combinations. Most results are either pub- 
lished or being finalized for publication. The mea- 
surement of charged TGCs, which are predicted 
as a fundamental consequence of the gauge struc- 
ture of the electroweak theory, has reached at 
LEP the precision of about 2-4%, with results in 
agreement with the SM. Searches for anomalous 
triple and quartic couplings have been performed 
by all LEP experiments in several different final 
states, and limits are set with no deviations ob- 
served from the SM predictions. 
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Table 3 



Measurements of a^ , &^ and a n by the LEP experiments. Limits are expressed in GeV 2 at 95% C.L.; 
statistical and systematic uncertainties are included. 



parameter 


ALEPH 


DELPHI 


L3 




OPAL 


a^/A 2 
af/A 2 
a„/A 2 


[-0.060,4-0.055] 
[-0.099,4-0.093] 


[-0.020,4-0.020] 
[-0.063,4-0.032] 
[-0.18 ,4-0.14 ] 


[-0.015,4 
[-0.048,4 
[-0.14 ,4 


-0.015] 
-0.026] 
-0.13 ] 


[-0.020,4-0.020] 
[-0.052,4-0.037] 
[-0.16 ,4-0.15 ] 




100 125 150 175 200 
Vs (GeV) 



Figure 7. The L3 measurement of the cross sec- 
tion of the process e + e~ — > Z77 — > qq77 as a 
function of y/s. Dashed and dotted lines rep- 
resent anomalous QGC predictions. The inset 
presents the same results with the highest energy 
data combined in three samples. 
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